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a 

If a traversable wormhole smoothly connects two different spacetimes, then the flux cannot be 
separately conserved in any of these spaces individually. Then objects propagating in a vicinity of a 
wormhole in one space must feel influence of objects propagating in the other space. We show this 
in the cases of the scalar, electromagnetic, and gravitational field. The case of gravity is perhaps 
the most interesting. Namely, by studying the orbits of stars around the black hole at the center 
of our galaxy, we could soon tell if this black hole harbors a traversable wormhole. In particular, 
with a near future acceleration precision of 10-°m/ s’, a few solar masses star orbiting around 
Sgr A* on the other side of the wormhole at the distance of a few gravitational radii would leave 
detectable imprint on the orbit of the S2 star on our side. Alternatively, one can expect the same 
effect in black hole binary systems, or a black hole - star binary systems. Another result that we 
find very interesting is that gravitational perturbations can be felt even on the other side of the 


non-traversable wormhole. 


PACS numbers: 


I. INTRODUCTION 


Wormholes have been always attracting a lot of at- 
tention for various reasons ranging from pure academic 
interests and science fiction to a possible explanation of 
entanglement of particles in quantum mechanics Hig. 
The purpose of this work, however, is to establish a clear 
link between wormholes and astrophysical observations. 
By definition, a wormhole smoothly connects two dif- 
ferent spacetimes. If the wormhole is traversable, then 
the flux (scalar, electromagnetic, or gravitational) can 
be conserved only in the totality of these two spaces, not 
individually in each separate space. Suppose that there 
is a physical electric charge on one side of the wormhole. 
An observer on the other side where there is no physi- 
cal electric charge sees the electric flux coming out of the 
wormhole, so he concludes that the wormhole is a charged 
object. Any measurement that he can perform by mea- 
suring the flux would tell him that the wormhole contains 
charge (though there is no real charge at the wormhole). 
In other words the flux is only apparently conserved in 
each space separately, but strictly conserved only if we 
consider the entirety of both spaces. A time dependent 
gravitational case is even more indicative. If a real grav- 
itational source is time dependent (e.g. a star orbiting a 
wormhole mouth), an observer on the side where there 
is no source will conclude that the gravitational pertur- 
bations he is observing cannot be sourced by a static 
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wormhole. 

As a direct consequence, trajectories of objects propa- 
gating in a vicinity of a wormhole must be affected by the 
distribution of masses/charges in the space on the other 
side of the wormhole. Since wormholes in nature are ex- 
pected to exist only in extreme conditions, e.g. around 
black holes, the most promising systems to look for them 
are either large black holes in the centers of galaxies, or 
binary black hole systems. We study motion of a star S2 
which orbits a super massive black hole in Sgr A* at the 
center of our galaxy and demonstrate that the near fu- 
ture data will be able to tell us if this black hole harbors 
a wormhole. 


II. CHARGED PARTICLE AND A 
WORMHOLE IN A FLAT SPACE 


A realistic traversable wormhole requires the pres- 
ence of exotic fields that can keep it open. In order 
to avoid unnecessary complications, we consider a toy 
model which can be solved analytically and is easy to 
understand. Consider a flat space in spherical coordi- 
nates (r,0,@). If we place a charge, q, at the distance 
r = A from the center of our coordinate system, this 
charge will create an electromagnetic potential 


=) 
An A? + r? — 2Ar cos 0 


We now introduce a simple model of a wormhole. Con- 
sider two copies of a flat space connected through a spher- 
ical wormhole mouth of the radius R. The coordinates 


Viree(r) 


in these two flat spaces are (r1, 61, 61) and (r2, 82, 2) re- 
spectively. Such a configuration is shown in Fig. fi] A 
charge, q, is now placed at the distance rı = A from the 
center of a wormhole, in the space (r1, 01,1). Let’s call 
the space where the charge is placed the “other space”, in 
contrast to the copy with coordinates (rz, 62,¢2) where 
the observer is located, which we will call “our space”. 
There is no physical charge in “our space”. The worm- 
hole’s radius is R. Therefore “our space” and “other 
space” cover only the rg > R and rı > R regions respec- 
tively. 

The presence of the wormhole will inevitably change 
the flat space potential. Since near the charge the poten- 
tial is approximately given by Eq. (i), the potential in 
the whole ” other space” may be written as 


V(r N= Viree( (rı Dr T P,(cos 01), (2) 
l=0 


where P(x) is an n’th-order Legendre function. The 
corresponding potential in ”our space” is 


Co 


=) (cos 82). (3) 
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Here, T, and B, are the coefficients in the expansion. 
We can also expand the free potential in terms of the 
Legendre functions using 


-> Aa (4) 


There are many specific wormhole solutions in litera- 
ture (see eg. [19 and also papers cited in the Intro- 
duction). For simplicity, we are not dealing with a spe- 
cific model, but instead capture some general features 
that most of the wormholes must posses. For exam- 
ple, we will assume that wormhole throat is very short 
and therefore the potentials should match at the mouth, 
rı = r2 = R. Since there is no charge on the surface of 
the wormhole, the derivative of the potential in radial di- 
rection at the wormhole mouth must be continuous too, 
i.e. 


r 


Vi(R) = V2(R) (5) 
On, Vi(T1) lpr = — ôr, V2(r2)|r2=R- (6) 


Comparing the coefficients of P; (cos 0), we find 


q 1 R+! 
T = AM 7 
í 4r (1+1) Al (7) 


7 Es +1 RH 
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Since B, 4 0, we see that there is an apparent potential 
in our space”, though there is no physical charge in it. 
Following the standard procedure, an observer in ” our 


FIG. 1: This figure represents a spherical wormhole with the 
radius R. A point charge q is placed at the radial distance 
r = A away from the center of the wormhole. 


space” can draw a Gaussian surface at r2 > oo. He finds 
that the effective charge in our universe is 


R 

Q2 = J -2nVedAalr on = oe (9) 
where dA, is an element of area in ”our space”. If an ob- 
server in ”our space” is not aware of the physical charge 
in the “other space”, he may conclude that the worm- 
hole has a charge Q2. The induced effect of the physical 
charge to “our space” is stronger if the physical charge 
is placed closer to the wormhole. When the charge is 
exactly at the wormhole mouth, i.e. A = R, the induced 
charge Q2 become one half of the original charge q. 

Similarly, an observer in the ” other space” can draw a 
Gaussian surface at rı — oo, and calculate the value for 
the charge he observes as 


Qi = f -A,VidAilnox=a- $5. (00) 
2A 
Obviously, the Gaussian flux will be conserved, i.e. Qi + 
Q2 = q, only if we include Gaussian surface on both sides. 

We plot the charges Qı and Qə in Fig. P| When the 
physical charge is far from the wormhole (i.e. A — oo), 
the effective charge in ”our space” is close to Q2 = 0, 
while the charge on the other side is Qı = q. As the 
distance A decreases, Qı decreases and Qə increases. Fi- 
nally, when the original charged particle is placed ex- 
actly at the wormhole mouth, A = R, then the effective 
charges become equal, ie. Qi = Q2 = q/2. This im- 
plies that even before the particle falls into the wormhole, 
its effect in its world is already diminished. Simultane- 
ously, an observer on the other side of the wormhole (i.e. 
“our space” ) can feel the influence even before the charge 
crosses over. 

A physical charge (or particle that sources the field) 
located in the “other space” does not have to be at the 
fixed distance A. One can consider a particle orbiting 
a wormhole in a circular, elliptic or some other type of 
orbit (see Fig. B). For an elliptic orbit, the radius of an 
orbit, A, is not fixed, so the monopole effect will change 
according to the particle’s location. If the orbit is circu- 
lar, then A is not changing, and one has to consider the 
multipole effects, primarily a dipole. The effect observed 
nour space” will depend on the location of the particle. 


FIG. 2: The solid line represents the effective charge, Q1, 
obtained from the Gaussian surface at infinity in the ” other 
space” (where the original charge was placed). The doted line 
represents the effective charge, Q2, obtained from the Gaus- 
sian surface at infinity in ”our space”, where the observer is 
located. The dashed and dotted dashed lines represent the 
same quantities Qı and Q2 but for the Schwarzschild worm- 
hole. The wormhole radius in that case is R = 1.2r,. 


FIG. 3: The black disk represents a wormhole. A particle that 
sources the field can have a circular (dashed line) or an elliptic 
(solid line) orbit. Other types of orbits are also possible, e.g. 
hyperbolae or parabolae, but they are not shown in this figure. 


III. SCALAR FIELD AND A SCHWARZCHILD 
WORMHOLE 


We now move to a more realistic case, as shown in 
Fig. Æ We start with the Schwarzschild space-time met- 
ric 

9 Tg) 442 1 
ds“ = —(1— —)dt* + 


Tr 
r 1-— 
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dr? + r°dQ (11) 


where rg = 2GM. Consider now two copies of the 
Schwarzschild space-time connected through a short 
throat of radius R, which is also the radius of the worm- 
hole mouth. The radius must satisfy R > r,, otherwise 
there would be no distinction between a wormhole and a 
black hole. As in the previous section, r2 is the radial co- 
ordinate in ”our space”, while rı is the radial coordinate 
in the “other space”. Outside of the mouth, i.e. rı > R 
and r2 > R, the space-time is Schwarzschild on both 
sides. These two copies of the Schwarzschild space-time 
are connected at rı = r2 = R. 


FIG. 4: A wormhole connects two copies of the Schwarzschild 
space-time. The source of the Schwarzschild space-time is a 
black hole with the gravitational radius rg. Stars orbit this 
wormhole on both sides. If the gravitational field can propa- 
gate through the wormhole, then the orbits of the stars will 
be affected, and will deviate from the standard Schwarzschild 
orbits. 


We first consider a scalar field propagating in this back- 
ground. We place a scalar particle at the distance r = A 
from the center of a wormhole. For our purpose, we de- 
compose a single-particle scalar field potential in the ba- 
sis of the Legendre functions 


Vireo(r) = X Ci(r)P:(cos 0), (12) 


i=0 


which satisfies 


Viree (r) — i i 


Vl—-r,/R 


Here we use the same definitions as in [24}. The scalar 
charge definition slightly differs from Eq. 2.2 in (25). The 
difference is the time component of the four-velocity ut, 
which in our case, where the charge is not moving, is just 
a constant and can be absorbed in q. Since we consider a 
static case, time derivatives are not included. The wave 
equation satisfies 


5(r — R). (13) 


1 
72 Or (a — rg/r)r°] -Cı — 


(1+1) 
r2 


Cr = 0; (14) 


except at r = R where we have to match the solutions. 
The l = 0 solutions is 


Co = aoDo(r) + bo Eo(r) (15) 
Dp = 1 (16) 
Eo Saf =) (17) 


where ag and bp are constants. The l = 1 solutions is 


Cı = a Dyi(r) +b Ei (r) (18) 
Dı = (r- 2) (19) 
Ei = -r,-(r- 4) In(1 = 2), (20) 


where a, and bı are constants. Since the field is finite 
and satisfies Eq. (£3), we can write the whole solution as 
the following. If r > A, then 


q 12q(A — 4#) 
Viree = E; —— E 0 eee 21 
i ATTg o(r) + 4rr? ue) COS tas 
If r < A, then 
q 12q(A — 4) E (A) 
— UA Ve peas aE D 56-4 (22 
Vice = Go BoA) + SE pA PC) 2080 + (22) 


Here, q is redefined in accordnace with the asymptotic 
behavior. As before, we have to find solutions in ”our 
space” and ”other space”. For this purpose, we decom- 
pose the scalar field in the basis of the Legendre func- 
tions. The scalar field potential in the ” other space” is 


Vi (rı) = Viree(1'1) + ho Eo(r1) + hy, Ey (rı) COS A, +(23) 
The potential in ”our space” is 
Vo(r2) = soEo(r2) + s1Eı(r2) COs 02 oF exe (24) 


Exactly at the wormhole mouth, the solution must be 
continuous and satisfy the conditions in Eqs. (5) and (6). 
From this matching, we find the coefficients 


—  q_ F(A) 
~ 8rrg Eo(R) 
6q(A — 2) E (A) / Di (R) 1(R) 
8. Gas a J m) 7) 
6q(A— =) E,(A) /Dı(R) Di (R) 
m= “Tea Dc (Bum) + Be) 2 


so = —ho (25) 
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Fig.2]shows the scalar field charges on both sides of the 
wormhole in the Schwarzschild case. The effect is similar 
to the electromagnetic case but less pronounced. As the 
wormhole radius approaches the Schwarzschild horizon, 
R > rg, then Eo(R), E1 (R) and E’(R) approach infinity. 
In that limit, the scalar field cannot pass the wormhole 
throat/mouth, ho = hı = so = sı = 0, unless A = R. 
This is not surprising, because in this case the wormhole 
would not be traversable. This effect is very similar to 
the black hole no hair theorems. 


IV. GRAVITY AND A SCHWARZSCHILD 
WORMHOLE 


We now move to the gravitational force. Gravitational 
perturbations in the Schwarzschild background have been 
extensively studied PHBI. We focus on the monopole 
perturbations, since the higher order modes do not have 
analytic form in asymptotically flat coordinates. The 
monopole metric perturbations can be written as 


— Heir =A “Hes —r) (28) 
hig Gem (29) 


(F=f) 


where p is the effective mass of the particle that perturbs 
the metric, while O() is the standard Heaviside function. 
This is also an approximative solution for our case since 
we are working in the thin-shell and short-throat worm- 
hole approximation. We will find the concrete form of our 
perturbations by matching these forms at the the worm- 
hole mouth. [On can find a similar form of the monopole 
metric perturbations for example on the bottom line on 
the page 18 in ). However, there the Zerilli gauge was 
used which is not appropriate in our case, since we will 
require that gą is continuous at the shell of the radius 
R (the radius of the wormhole mouth). Continuous gt 
and grr can be found in the Lorentz gauge (see for exam- 
ple Fig. 1 in [30}). Therefore our expression differs from 
that in in the second term on the right hand side of 
Eq. (28).] 

As we mentioned, we require that hy is continuous 
at r = R, so the time variable is the same inside and 
outside of the shell r = R. The metric perturbations hy 
and hrr are not completely independent, since they both 
depend on the mass of the particle. All the other metric 
perturbations are zero in this case. 

We can now write the perturbations in the ” other 
space” as 


ha” (ri) = hal) += (30) 


noth (ry) = hrr(rı) + (31) 


From eq. (28) and (29), we see that a; and arr are 
not completely independent. They are both equal to an 
effective mass in the “other space”, at = arr = peo, 
The perturbations in ”our space” are 


2b 
ng (ra) = (32) 
our 2brrr 
hir (r2) = aa (33) 


Again ba and bpp are not completely independent, and 
they are both equal to an effective mass in our space, 
bu = brr = pO“. We can find at, arr, bu and brr 
from the continuity condition (h2!"(R) = h%(R) and 
Org hpt” |ro=R = Or, hi” |r.=R) as 


R 

be = =a = er (34) 
R 

a = I (35) 


Since bu is nonzero, a static observer can feel an ad- 
ditional (or anomalous) acceleration coming from the 
wormhole. If the observer is far away from the worm- 
hole, this additional acceleration is 


Ri 
an “hae (36) 


In contrast with the scalar field case, the effect still exists 
even if R = rg. In the scalar field case, we saw that 
the scalar field shuts off as R — rg (wormhole mouth 
approaches the gravitational radius of a black hole). If it 
did not shut off, it would directly violate the scalar no- 
hair theorems for black holes. There are no gravitational 
no-hair theorems for black holes, so it might be ok that 
gravitational perturbations do not shut-off as R — ry. 
No information travels from within the horizon out, but 
the source of perturbations perturbs the horizon, and a 
test object propagating in vicinity of the horizon on the 
other side feels these perturbations. However, within the 
approximations in our paper, it is not quite clear what 
happens. One would have to do a full time-dependent 
analysis for a sequence of wormhole geometries as R > 
rg. It is not excluded that one would find some superssion 
factors as R > rg, but at least in our approximation they 
do not show up. 


V. OBSERVATIONAL SIGNATURE OF A 
WORMHOLE 


It is widely accepted that Sgr A* harbors a super mas- 
sive black hole at the center of our galaxy BH3J. Sgr A* 
contains mass of M, = 4 x 10°Mo, with the correspond- 
ing Schwarzschild radius of rọ = 0.084AU. While many 
potential effects may affect the orbits the stars that or- 
bit this black hole , we would like to explore perhaps 
the most interesting possibility that Sgr A* might be a 
wormhole. In this case, stars orbiting around it in the 
“other space” should affect stars’ orbits in our universe. 

We choose the star $2, which orbits the radio source 
Ser A*. Its mass is about 14 solar masses, with an or- 
bital period of 15.9 years, a semi-major axis of 1031.69 
AU, and orbit ellipticity of e = 0.8831 B3. Since we cal- 
culated only the monopole contribution, we consider an 
object orbiting on the other side of the wormhole with 
the periapsis radius r, and apoapsis radius rg. From 
Eq. (86), the contribution from the monopole perturba- 
tion causes the acceleration variation 


R R\1 
aa=n(=-=) = (37) 
te Tod T3 


If the orbit of an object on the other side of the worm- 
hole’s is elongated so that rg > rp, then we can approx- 
imate 


Aa = p~ 5. (38) 


To obtain definite values, we set the wormhole mouth to 
be of the order of the black hole horizon, i.e. R ~ rg, 
and the orbit for the $2 star, ro ~ 1000AU, to find the 
constraints on the detectable values of js and rp. 


The total acceleration of the star $2 in orbit is 1.5m/s?, 
and mainly comes from the supermassive black hole. This 
acceleration has been measured with the precision of 
4x 10~4m/s?, with two years (1997-1999) of data{40, [41]. 
With 20 years data, it should be possible to achieve the 
precision of 2x 10~°m/s? [40, [42]. This can be further im- 
proved to 10~°m/s? if the velocity uncertainty is reduced 
to 2km/s[3, Biha The best available data today (see 
e.g. Table 8 in |44) is still shy (though not unreasonably 
far) from this precision. 

Note that what we calculate in our Eq. (87) is acceler- 
ation variation of the star S2 due to an elliptic orbit of 
the star on the other side perturbing the metric. These 
variations come on top of the constant acceleration that 
comes from the central black hole. With good enough 
precision, we should be able to detect or exclude this 
variable anomalous acceleration. Of course, these vari- 
ations can possibly be produced by some other sources, 
for example by other smaller black holes in vicinity of 
S2. Then, more careful modeling would be required to 
distinguish between different options. 

Fig B] shows the regions which are ruled out with the 
recent acceleration precision and potential acceleration 
precision that can be obtained in future. If Sgr A* is a 
wormhole with heavy stars orbiting it on the “other side”, 
we can definitely see the effects in the near future. In 
particular, with acceleration precision of 10~°m/s?, a few 
solar masses star orbiting around Sgr A* at the distance 
of a few gravitational radii would leave detectable imprint 
on the orbit of the S2 star on our side of the wormhole. 

A different test on the hot gas motion near Sgr A* 
was proposed in Æ This is important since different 
tests may be combined to check whether some black hole 
candidate is actually a wormhole. 

In addition, one can also look for the same effect in 
the binary systems of a black hole and a star. A devia- 
tion of motion of a star could be a hint of the existence 
of a wormhole, if it is consistent with perturbations we 
derived here. Finally, if the monopole contribution is 
insufficient, one can consider dipole or higher multipole 
effects in order to extract more stringent constrains or 
definite predictions. 
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FIG. 5: We plot the constraints on the mass u and the periap- 
sis radius rp of a hypothetical star that orbits Sgr A* on the 
“other side” and perturbs the orbit of the S2 star on our side. 
The black, doted, and dashed lines represent the constraints 
with acceleration precision of the star S2 of 4 x 10-*m/s?, 
2x 107°m/s?, and 10~°m/s? respectively. The regions above 
the lines rule out a wormhole explanation. The x-axis has 
units of rg. The y-axis has units of Mo. The bottom line 
probes the most reasonable parameter space - a few solar 
masses star orbiting around Sgr A* at the distance of a few 
gravitational radii. 
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